In bulk-heterojunction (BHJ) solar cells of π-conjugated polymer donors and fullerene acceptors, such as phenyl-C61-butyric acid methyl ester or its C71 analog (PCBM), some important design rules govern the efficiency of the polymer donor. [1] [2] [3] While conventional (single-cell) BHJ devices composed of poly(3-hexylthiophene) (P3HT) and PC 71 BM or the indene-C60 bisadduct ICBA can yield power conversion efficiencies (PCE) of ca. 4% 4 and 6.5%, 5 respectively, lower bandgap systems that absorb visible light at longer wavelengths (550-800 nm), such as PBDTTPD, [6] [7] [8] PTB7, 9 and several other analogs, [10] [11] [12] [13] [14] have been shown to reach PCEs > 8%. Among those, several low band-gap systems substituted with fluorine (-F) atoms have been described as especially promising compared to their non-fluorinated counterparts. 2 In particular, F-substituted benzothiadiazole, [15] [16] [17] thieno [3,4-b] thiophene, [18] [19] [20] benzo[1,2-b:4,5-b']dithiophene, 20 quinoxaline, [21] [22] benzotriazole, [23] [24] isoindigo, [25] [26] and more recently thiophene [27] [28] motifs, have frequently been included in the backbone of low band-gap polymer donors. It is worth noting, however, that the underlying reasons that may justify the importance of F-substituted motifs in polymer donors remain a matter of some debate. A wide range of possible determining factors have been suggested, spanning i) improved polymer backbone planarity, resulting in higher carrier mobilities, 24, 29 ii) more favorable orientation of the polymer aggregates relative to the device substrate, 16 iii) improved molecular arrangement and orbital overlap at the donor/acceptor interface, 17 iv) dipole-driven charge separation, 19 and v) lower-lying HOMO levels that contribute to larger open-circuit voltages (V OC ) in BHJ devices. 18 While low band-gap polymer donors are especially promising in singlecell BHJ devices with PCBM, and are commonly used in efficient tandem and triple-junction solar cells, wide band-gap analogs that can outperform P3HT in the high-band-gap cell of multi-junction devices are required in order to continue improving upon currently reported PCEs (ca. 11.6%). [30] [31] However, we note that only a few polymer systems combine a band-gap wider than that of P3HT (E opt ~1.9 eV), a low-lying HOMO amenable to larger open-circuit voltages (V OC ), and comparably high PCEs in BHJ devices. [32] [33] In this contribution, we report on a wide band-gap polymer donor composed of benzo [1,2- The PBDT[2X]T polymers (with X = H or F) were synthesized via a microwave-assisted approach (150 °C in chlorobenzene (CB), for 1 h, ca. 190 W) in order to control polymer growth and molecular weight (MW), while minimizing reaction times. Both analogs were prepared following the same Pd-mediated cross-coupling polymerization conditions (cf. details in Supporting Information (SI)); being found soluble, the polymers were purified using established methods, 8 yielding batches of comparable MW (cf. SI, Table S1 ). 36-38 The PES plot pertaining to PBDT[2F]T reaches two minima, corresponding to the fully planar anti/0° and syn/180° conformations. The anti conformation is predicted to be only slightly more stable by 0.31 kcal mol -1 (ca. 0.5 kT) at room temperature, suggesting that backbone planarization in PBDT[2F]T is achieved via statistical syn and anti conformations. On the other hand, the PES plot of PBDT[2H]T shows a shallow minimum at ca. 10° and a higher-energy local minimum at 150°, with an energy difference of 0.92 kcal mol -1 (ca. 1.5 kT) between the two conformations, indicating that ca. 25 [2H]T motifs out of 100 adopt the syn conformation at thermodynamic equilibrium (cf. SI). From these results, it is worth noting that the PBDT[2F]T backbone is expected to be slightly more planar than that of PBDT[2H]T -result consistent with the higher binding energies induced by nontraditional intramolecular hydrogen-bonding interactions. 39 Overall, the significant energetic barrier of 2.5-3.5 kcal mol -1 on going from anti to syn conformations parallels the idea that the backbones of both PBDT[2X]T polymers are expected to be rather coplanar (i.e. disfavoring "out-of-plane" conformations).
The thin-film UV-Vis optical absorption spectra of P3HT and the PBDT[2X]T polymers (with X = H or F) are Fig. S2 ), the slight intensity variations of the higher-wavelength absorption peak point to the presence of π-aggregates in both solutions and films. The temperature-dependent UV-Vis spectroscopy data, shown in Figure S3 , confirms the propensity of the two polymers to form π-aggregates albeit aggregation in PBDT[2H]T can be more efficiently mitigated at elevated temperatures. Overall, the tendency of the PBDT[2X]T analogs to form π-aggregates, and the weak bathochromic shifts observed on moving from solution to film, are in agreement with the high degree of backbone coplanarity predicted by DFT (Fig. 1a) and suggest pronounced polymer ordering in solution. The DFT-computed frontier orbitals of the BDT[2X]T tetramers shown in Figures 1b and S1 are well delocalized along the π-conjugated backbones, correlating with predicted backbone planarity. Note that tetramers have been shown to reproduce the electronic and optical properties of analogous polymers appropriately. 40 The DFT-estimated HOMO energy for the tetramer of PBDT[2F]T (-5.05 eV) is predicted to be 0.17 eV deeper than that of PBDT[2H]T (-4.88 eV) -relative values in line with the significant IP offset of 0.26 eV inferred earlier from the PESA measurements (Fig. 2b) . In parallel, the comparable LUMO offset of 0. Additional device statistics, including standard deviations, are provided in the SI (Fig. S4 ). Fig. 3a ) in the range 10-11 mA/cm 2 , albeit with lower V OC (0.6 V; due to the high-lying HOMO of P3HT) and FF (64%) values in P3HT-based devices, and in turn, lower PCEs of ca. 3.8% (Avg.; Max. 4.0%) consistent with those of prior reports. 4 The comparable J SC values achieved in PBDT[2F]T-and P3HT-based BHJ solar cells (Fig. 3a) are consistent with the external Table 1. quantum efficiency (EQE) spectra (Fig. 3b) ; with PBDT[2F]Tbased devices showing EQE values higher by 7-15% in the range 350-575 nm, while the EQE response of P3HT-based devices is limited to ca. 60% in the same range, yet extends to longer wavelengths (up to ca. 625 nm). This observation is consistent with the distinct absorption onsets of PBDT[2F]T and P3HT (Fig. 2a) . In contrast, the EQE response of optimized PBDT[2H]T-based solar cells remains under 47% in the range 350-575 nm, in agreement with the modest J SC of 6.3 mA/cm 2 estimated from the J-V plot (Fig. 3a) . Integrated EQEs are in agreement (± 0.5 mA/cm 2 ; ± 2.5%) with the J sc values reported in Table 1 . The BHJ morphologies of optimized PBDT[2H]T-and PBDT[2F]T-based devices were inspected by bright-field electron transmission microscopy (TEM; cf. details in SI), and the TEM images shown in Figure  S6a -h emphasize the effect of CN additives and thermal annealing on the development of the BHJ morphologies. Significant differences in phase separation patterns are known to impact polymer-PCBM BHJ solar cell performance. [42] [43] [45] [46] Here, the BHJ morphologies of the optimized PBDT[2X]T devices are comparably well mixed, and no net difference in phase separation patterns can be observed at the scale of those analyses. These observations are in agreement with the high photoluminescence (PL) quenching efficiency of the PBDT[2X]T analogs in the presence of PCBM (Fig. S7 ) with ca. 98% PL quenching observed in both cases -indicating that morphological aspects are not limiting the diffusion of photogenerated excitons to the interfaces between polymerand PCBM-rich domains.
In BHJ thin films for which finely-mixed morphologies are apparent via direct TEM imaging, the presence of poorly connected small-sized domains and aggregate trap states are difficult to discern, yet those can effectively lower the EQE/IQE in actual BHJ solar cells. The presence of these morphological features can be inferred from reverse bias analyses (method detailed in earlier work 47 ) and SCL carrier transport measurements across the BHJs. In Figure S8 , respectively (see SI, Fig. S9 ).
In summary, our study shows that 3,4-difluorothiophene ( 
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